Regulated removal of proteins and organelles by autophagy-lysosome system is critical for muscle homeostasis. Excessive activation of autophagy-dependent degradation contributes to muscle atrophy and cachexia. Conversely, inhibition of autophagy causes accumulation of protein aggregates and abnormal organelles, leading to myofiber degeneration and myopathy. Defects in lysosomal function result in severe muscle disorders such as Pompe (glycogen storage disease type II (GSDII)) disease, characterized by an accumulation of autophagosomes. However, whether autophagy is detrimental or not in muscle function of Pompe patients is unclear. We studied infantile and late-onset GSDII patients and correlated impairment of autophagy with muscle wasting. We also monitored autophagy in patients who received recombinant a-glucosidase. Our data show that infantile and late-onset patients have different levels of autophagic flux, accumulation of p62-positive protein aggregates and expression of atrophy-related genes. Although the infantile patients show impaired autophagic function, the lateonset patients display an interesting correlation among autophagy impairment, atrophy and disease progression. Moreover, reactivation of autophagy in vitro contributes to acid a-glucosidase maturation in both healthy and diseased myotubes. Together, our data suggest that autophagy protects myofibers from disease progression and atrophy in late-onset patients.
1
Being the largest protein reservoir in the body, muscle serves as a source of amino acids that can be used for energy production by various organs during catabolic periods. Protein degradation in all mammalian cells, including skeletal muscle, is controlled by the two major proteolytic systems, the ubiquitin-proteasome and the autophagy-lysosome. Both systems are under FoxO regulation and their excessive activation induces severe muscle loss. 2 The central role of lysosomes in myofiber homeostasis is highlighted by the presence of a group of muscle disorders characterized by alterations in lysosomal function, that ultimately affects the cargo delivery (autophagy). Glycogen storage disease type II (GSDII) is due to a defect in lysosomal acid a-glucosidase (GAA), 3 Danon disease is caused by the lack of lysosomeassociated membrane protein 2 (lamp2) 4 and X-linked myopathy with excessive autophagy (XMEA) 5 is triggered by mutations in an essential assembly chaperone of the V-ATPase, the principal mammalian lysosomal proton pump complex. 6 Furthermore, chloroquine-mediated inhibition of lysosome function induces a well-known myopathy. 7 GAA is the enzyme responsible for the lysosomal hydrolysis of glycogen to glucose. Without GAA, glycogen delivered to the lysosome accumulates, resulting in different clinical phenotypes. In the severe infantile-onset form, known as Pompe disease, little or no GAA activity causes hypotonia, feeding difficulties and cardiomyopathy, leading to death from cardiac failure within the first year of life. Partial enzyme defects induce late-onset forms that are mainly characterized by progressive skeletal muscle weakness, while cardiac muscle is spared. The animal model of Pompe disease, GAA-knockout (GAA-KO) mice, mainly recapitulates the infantile or early childhood forms of this disease, due to the complete lack of the enzyme.
The presence of large, glycogen-filled lysosomes is a hallmark of GSDII, but it has also been reported that the pathological features of this disorder in skeletal muscle involve failure of autophagosomal turnover and massive autophagic buildup. 8, 9 However, genetic suppression of autophagy in skeletal muscles significantly reduced the glycogen burden in GAA-KO mice 10 but did not improve clinical signs such as kyphosis, muscle wasting and decreased life span. 11 Our recent data show that inhibiting autophagy specifically in muscle tissue causes muscle weakness and features of myofiber degeneration. 12 Defining the role of autophagy in GSDII and its relationship with muscle loss is critical for understanding the disease pathogenesis, for developing new therapies and for improving efficacy of enzyme replacement therapy (ERT). To understand the relationship between autophagy and disease progression, we have monitored autophagy system in muscle biopsies of early and late-onset GSDII. Moreover, we used patients' and healthy control myotubes to corroborate the findings obtained from muscle biopsies. Our data support the hypothesis that autophagy is helpful for myofiber survival in late-onset forms of GSDII by facilitating GAA maturation. Importantly, impairment of autophagy contributes to myofiber atrophy and muscle weakness.
Results
Monitoring autophagy and atrophy in GSDII patient muscle. Our previous work demonstrated that the accumulation of p62/SQSTM1 into protein aggregates is a hallmark of impaired autophagic flux in myofibers. 12 Thus, we have used p62-positive inclusions as a marker to monitor autophagy impairment in muscle tissue from GSDII patients (Supplementary Table S1 ) and controls and have correlated the presence of protein aggregates with vacuolization and myofiber atrophy. Infantile-onset patients. First, we quantified the protein levels of LC3 and p62, two markers of autophagosome formation and clearance, respectively, by western blotting ( ; dashed box: normal CSA range). The percentages of p62 aggregate-positive, negative, vacuolated and non-vacuolated fibers are reported in the bars. **Po0.0001; *Po0.05. n4200 fibers measured. (d) CSA ratio of p62 aggregate-positive versus negative and vacuolated versus non-vacuolated fibers. When the size of fibers containing p62 aggregates is smaller than the negative fibers it will result in a ratio below 1. Identical consideration applies to vacuolated fibers. (e) Average CSA of all the muscle fibers. (f) qRT-PCR analysis of the atrophyrelated genes and of p62. The fold induction is compared with the age-matched control and normalized to GAPDH when autophagy (p62 aggregates) or lysosomes (vacuoles) are compromised. Comparison of cross-sectional area (CSA) of p62 aggregate-positive versus negative and vacuolated versus non-vacuolated fibers showed an increased atrophy in p62 aggregate-positive or vacuolated fibers in two of three patients (Figure 1c ). The patient 8484 had an inverse pattern, possibly because huge vacuoles were present that altered myofiber structure and caused abnormal muscle fiber morphology (Figure 1b) . Interestingly, p62 aggregates did not always correlate with vacuolization, suggesting that the presence of vacuoles does not always mean autophagy impairment. Moreover, the ERT-treated patient almost completely reverted the abnormal features being the p62 inclusion-positive and vacuolated fibers reduced to 6 and 3% of total fibers, respectively (Figure 1c) . Indeed the majority of fibers are free of protein aggregates and vacuoles (Figure 1b ) and show almost normal glycogen deposits, whereas untreated infantile patients had a generalized impairment of glycogen clearance (Supplementary Figure  S2) .
To understand the relationship between autophagy failure and vacuolization in muscle loss, we determined the ratio between the CSA of p62 aggregate-positive versus p62 aggregate-negative and of vacuolated versus non-vacuolated fibers. A ratio below 1 indicates that the altered fibers are more atrophic than surrounding normal ones. The ratio of p62-aggregate positive was always lower than the ratio of vacuolated fibers meaning that autophagy impairment is detrimental for muscle mass maintenance and contributes to muscle atrophy per se (Figure 1d ). The comparison of the average CSA suggests that patient 8484 is the most affected one (Figure 1e) , showing small and vacuolated fibers. Autophagy impairment was demonstrated also by the massive autophagic buildup observed by the immunostaining for p62 and LC3 (Supplementary Figure S3a) .
Loss of muscle mass is controlled by a transcriptional program that requires activation of a subset of atrophy-related genes (atrogenes). 13 Among atrogenes, some are rate limiting factors of the ubiquitin-proteasome and autophagylysosome systems. The upregulation of these factors is required to increase protein breakdown. Thus, their expression was monitored in patients. In addition, p62 transcript was studied and correlated to protein level and to aggregates. Interestingly, the ubiquitin ligases Atrogin-1 and MuRF1, and the autophagy-related genes Bnip3, Beclin1 and p62 were significantly upregulated in Pompe patients (Figure 1f) . The ERT-treated patient showed lower atrophy-related gene expression. Childhood-onset patients. Immunoblotting analysis showed an increase of LC3II in both patients. However, the most severely affected (3096) showed dramatic accumulation of lipidated LC3 and p62, suggesting an impairment of autophagic flux. Importantly, the increased level of p62 is not due to a transcriptional upregulation (Figure 2f Disease progression in GSDII patients and autophagy impairment. To better elucidate the contribution of autophagy impairment to disease progression, three adult female patients underwent a second biopsy after 6 or 9 years. Comparison of these two time points showed a different degree of autophagy impairment revealed by accumulation of LC3 and p62 proteins (Figure 4a ; Supplementary Figure  S1d) . The concomitant transcriptional upregulation of p62 in these patients (Figure 4f ) results in a difficult interpretation of western blot data. However, morphological analyses of vacuolated and p62 aggregate-positive fibers revealed that only one patient (5639) showed a time-dependent increase of abnormalities, confirming a progression of the disease (Figures 4b and c) . Patient 5639 displayed an almost normal myofiber morphology, muscle mass and gene expression profile at the time of the first biopsy (Figures 4b, e and f) . Therefore, this patient was perfect to study the correlation between disease progression and alterations in autophagic flux. The morphometric analyses showed a trend of decrease of CSA in all the patients that well correlates with disease progression (Figures 4c-e) . The most striking case was subject 5639, who had a 60% decrease in CSA during 6 years of disease progression. P62 aggregate-positive and vacuolated myofibers increased from 2 to 40% in subject 5639, whereas the other two patients remained unchanged. The dramatic muscle loss that occurred in patient 5639 was consistent with the induction of MuRF1, while the milder patients showed minor or no changes of MuRF1 expression (Figure 4f ). Conversely, there was no time-dependent increase of Atrogin-1 expression in patient 5639 while it was significantly upregulated in the second biopsy of the other two patients. These findings are crucial because correlate muscle atrophy to MuRF1 but not Atrogin-1 expression.
ERT increases muscle mass and restores autophagy. An infantile (8484) and an adult (8557) patient were treated for 16 and 6 months, respectively, with recombinant GAA. After treatment, a second biopsy was taken to evaluate autophagy, aggregates, vacuoles and muscle atrophy and was compared with the pre-treatment biopsy. The adult patient responded better to GAA therapy showing a decrease of LC3 lipidation, p62-positive aggregates and fiber vacuolization (Figures 5a-c; Supplementary Figure S1e ) that resulted in normalization of fiber size (Figure 5e ) and atrogenes expression (Figure 5f ). The infant started therapy at 8 months old, an age that has been described as being too late for successful recombinant GAA uptake. 15 Indeed, the second biopsy of this patient showed higher p62 protein content without any transcriptional upregulation (Figures 5a and f), suggesting a persistent autophagic impairment despite GAA treatment. Importantly, the percentage of p62 aggregate-positive fibers increased from 70 to 98% while the percentage of vacuolated ones was already high before ERT (94%) and did not change after (98%) (Figure 5c ).
This patient had no detectable GAA mature forms and instead elevated levels of the inactive 110 precursor (Figure 5a) . ERT induced the appearance of mature 76 kDa GAA even if at very low level. The ratio of p62 aggregatepositive versus negative fibers and vacuolated versus non-vacuolated fibers was higher than 1, probably because of the large size of the vacuoles and aggregates, which dramatically disrupt myofiber structure and size (Figures 5c  and d) . The adult patient showed low level of mature GAA that increased after rhGAA (recombinant human GAA) administration (Figure 5a ).
GAA treatment in the adult patient greatly reduced the number of p62-positive and vacuolated fibers from 60 to 34% and from 44 to 35%, respectively (Figures 5b and c) . Interestingly, the CSA ratio of p62 aggregate-positive versus negative did not significantly change, while the ratio of vacuolated fibers improved (Figure 5d ), confirming the hypothesis that vacuoles do not always mirror autophagic impairment. Thus, the fibers that hold autophagy flux disruption maintained the atrophic phenotype. Unlike the infantile patient, ERT in adult patient was also able to enhance glycogen clearance in muscle, significantly decreasing glycogen storages (Supplementary Figure S2) . Consistently with morphology, therapy in adult patient greatly increased muscle mass (Figure 5e ) and downregulated most of the atrogenes (Figure 5f ). The CSA values in the infantile patient looked like there was an amelioration after ERT. However, we emphasize 
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Normal range ** ** that these analyses are confounding in this patient because myofibers' morphology was disrupted by the massive vacuolization (Figure 5b) . Indeed, MuRF1 expression in the infantile patient was tremendously induced in the second biopsy (Figure 5f ).
CSA
Autophagy affects the maturation of GAA. To better understand the contribution of autophagy to GAA maturation and to muscle pathology, we monitored the effects of autophagy induction/inhibition in myotubes from GSDII patients and controls. To mimic Pompe disease, we used choloroquine to block lysosomal function. To activate autophagy, we used starvation alone or starvation together with rapamycin treatment, an mTOR inhibitor able to induce autophagosome formation. We monitored the presence/ absence of vacuoles in patients' myotubes before and after treatments. Myotubes from patients displayed vacuolization, while control did not show any vacuole unless they were treated with chloroquine. Interestingly, autophagy induction reduced the vacuolization observed in patients' myotubes ( Figure 6a) . Measurements of autophagy flux by using different lysosomal inhibitors confirmed that starvation and rapamycin treatments successfully activated autophagylysosome system in patients' myotubes (Supplementary Figure S5 ).We then monitored the maturation of the GAA enzyme under these conditions. The myotubes obtained from infantile patient reproduced the same pattern of GAA species seen in the muscle biopsy, where the precursor protein was the most abundant one. Adult-derived myotubes displayed different mature forms of GAA. Our morphological and biochemical findings suggest that myotubes recapitulate the in-vivo conditions of GAA maturation. Induction of autophagy enhanced GAA maturation, whereas chloroquine produced the opposite effect (Figure 6b ). Quantification of western blots confirmed the positive effect of autophagy on GAA processing, with a reduction in the immature form and enrichment of mature 76-70 kDa forms (Figure 6c ). Consistently, choloroquine caused an accumulation of the 110 kDa precursor in normal myotubes and disappearance or reduction of the 76-70 kDa forms in patient-derived myotubes.
Discussion
Skeletal muscles of GSDII patients are characterized by a progressive vacuolization. The hallmark of this disorder is the presence of swollen, glycogen-filled lysosomes and the massive accumulation of autophagic debris, greatly contributing to the development of muscle weakness. However, the buildup of autophagosomes appears in myofibers when the autophagic system has already been compromised. The accumulation of autophagosomes has an important impact on cellular trafficking and signaling. Indeed, autophagosomes participate in the maturation of late endosomes, while p62 is critical for the modulation of important signaling molecules such as NFkB, NRF2 and PKC. Therefore, it is still unclear which is the role of autophagy-lysosome in GSDII patients when this system is still functioning. Indeed, the animal models of Pompe disease do not clarify this issue because inhibition or activation of autophagy neither ameliorates nor worsens the phenotype of GAA-KO mice. 10, 11 Surprisingly, glycogen levels also seem to be irrelevant to disease progression. Overexpression of PGC1a greatly increases autophagic flux and glycogen overload in the muscle of GAA-KO mice. However, it does not aggravate the muscle phenotype or affect disease progression. 16 What animal models have shown is that there is a clear correlation between autophagosome accumulation and inefficiency of ERT treatment. This is not surprising because most of the cellular trafficking, including endosomal trafficking, uses proteins and lipids that also participate in autophagy system. Autophagosome accumulation can induce the sequestration of the factors that are also required for endosomal and vesicular trafficking and therefore, for recombinant GAA uptake and delivery to lysosomes.
Another important issue is whether early-and late-onset GSDII disorders share the same pathogenetic mechanisms of muscle weakness. Because GAA-KO mice completely lack the GAA enzyme, they are not the best model for understanding the mechanisms of muscle wasting when there is a partial defect in enzyme activity, as in late-onset GSDII. For these reasons, we have studied 17 muscle biopsies of 12 patients with different phenotypes, ranging from the most severe infantile-onset to the milder late-onset forms of the disease.
The effects of autophagic impairment on disease progression were monitored using the presence of p62-containing protein aggregates as a marker of autophagic flux inhibition. Indeed, when we specifically inhibited autophagy in muscle by a genetic approach, it resulted in accumulation of p62 protein and appearance of p62-positive aggregates. 12 We found that p62 aggregate-positive and vacuolated fibers are more atrophic than surrounding p62 aggregate-negative and non-vacuolated fibers, both in infantile and in late-onset cases. The fact that p62-positive aggregates correlate with myofiber atrophy suggests that the alteration of autophagy system contributes to atrophy and weakness. The comparison of gene expression with morphometric analysis revealed a correlation between atrophy and MuRF1, but not Atrogin-1, expression.
Impaired autophagy was observed in infantile patients, where the presence of huge vacuoles in the majority of fibers coexisted with large amounts of autophagic debris, compromising the myofiber structure. Infantile patients showed accumulation of LC3II, p62 and aggregates. Altogether, these features confirm an impairment of the autophagic flux. Our results indicate that the Pompe patients constitute a homogeneous group for both clinical severity and autophagic impairment. We found that both vacuolated and p62-positive fibers showed a significant reduction of myofiber size, being the aggregate-positive fibers the most atrophic.
The correlation between autophagic impairment and muscle atrophy was particularly evident in late-onset patients. This group of patients showed heterogeneous muscle impairment and clinical outcomes and presented different degrees of autophagic impairment. The patients that showed a normal autophagic flux displayed a mild muscle pathology. Furthermore, the analyses of biopsies taken at different time points confirmed that disease progression correlates to autophagy impairment and atrophy. These findings suggest that autophagy acts as a protective mechanism during the early stages of the disease. Indeed, our and other studies have found that autophagy inhibition in adult muscle results in muscle atrophy and weakness. 12, 17 Thus, late-onset disease progression may be physiologically accelerated by the inhibition of the autophagic flux. ERT was shown to re-establish the autophagic flux in muscle of a late-onset patient, resulting in an increase in muscle mass and in GAA processing and maturation. Furthermore, this increase was sufficient to downregulate the expression of atrogenes and to significantly enhance glycogen clearance. These beneficial effects on the autophagic flux and on muscle atrophy did not occur in the lately treated infantile patient. The fibers of this patient were too severely compromised by autophagic buildup and glycogen. Conversely, the early treated infantile patient displayed beneficial effects on autophagic flux, muscle mass and glycogen clearance, in agreement also with recent therapeutic trials, which indicate that an early therapeutic intervention prevents extensive muscle damage. 15 These findings suggest that when the autophagic flux is greatly compromised also ERT is inefficient in restoring the flux and in improving muscle morphology and function. A possible explanation is that the autophagy machinery is required for an efficient uptake, maturation and delivery to lysosomes of recombinant GAA.
To test the hypothesis that the induction of autophagy could actually promote GAA maturation, we studied the effect of autophagy induction versus lysosomal inhibition in myotubes of control and GSDII patients. Morphological analyses confirmed that human myotubes, contrary to murine myotubes, 18 are a reliable system to reproduce the GSDII pathology. The biochemical analyses confirmed that enhanced GAA maturation in both healthy and diseased myotubes depends on the autophagic flux.
In conclusion, our results suggest that autophagy may play an important role in the pathogenesis of both infantile and late-onset forms of GSDII, that could be protective against disease progression and atrophy. ERT, when started early, is successful in downregulating atrophy, possibly by partially restoring the physiological autophagic flux. Exhaustion of the autophagic flux induces upregulation of MuRF1, that leads to muscle atrophy and weakness.
Materials and Methods
Patients and muscle biopsies. We selected 12 GSDII cases (Supplementary Table S1 ) diagnosed following clinical examination, muscle biopsy histopathology, measurement of GAA activity in muscle and identification of mutations in the GAA gene.
14 Muscle biopsies were obtained with informed consent and immediately processed by freezing in liquid nitrogen for histopathology and biochemical analysis and stored under liquid nitrogen for subsequent cell culture. Experiments were approved by the local ethics committee at the University of Padova. As normal controls, we used muscle biopsy specimens from patients who were free of any muscle disease and had normal creatine kinase levels. We selected age-and sex-matched controls for the morphometric analysis and age-matched controls for the immunoblotting and gene expression analyses. In our study, three GSDII patients were affected by the infantile-onset form of the disease, two had the childhood-onset form and the remaining had the adult-onset form. Among infantile patients, one (8668) received early-ERT treatment and then underwent biopsy.
Five cases (one infantile-onset, four adult-onset) underwent two muscle biopsies during the disease course. In three adult-onset cases, a second biopsy was taken after 6 (5638 and 5639) or 9 (4512) years of disease progression. In one infantileonset (8484) and one adult-onset (8557) case, the second biopsy followed, respectively, 16 and 6 months of ERT with recombinant human enzyme (Myozyme, Genzyme Corporation, Framingham, MA, USA).
